Optical velocimetry has been an important experimental diagnostic for many experiments. Recent improvements to heterodyne techniques have resulted in compact, inexpensive and high performance velocimetry measurement systems. We report on developments and improvements in this area and illustrate the performance of Photon Doppler Velocimetry (PDV) by showing several experimental examples.
INTRODUCTION
Laser based velocimetry (VISAR, Fabry-Perot, etc) has long been a vitally important diagnostic in many shock and non-shock experiments. Recent developments in telecommunications technologies (fibers, detectors, digitizers, etc) have enabled our colleagues at LLNL 1 to develop a compact, inexpensive and robust method of laser based velocimetry that is a significant advance of the state of the art. This method -Photon Doppler Velocimetry (PDV) -is a simple, relatively inexpensive approach to measure surface velocities between a few mm/s up to 14 km/s or higher. There are several aspects of PDV that make it a favored approach to use in optical velocimetry. Because it uses a single 9/125 micron optical fiber for both transmit and receive, optical probes can be quite small and high performance. The system uses 1550 nm CW fiber lasers which are very nearly eye-safe under normal use. Most importantly, because the velocity measurement is embedded as a frequency in a time domain signal, powerful DSP methods can extract even very weak signals with high accuracy. This means that under difficult experimental conditions (degraded surfaces, ejecta, etc) one can obtain reliable measurements when other approaches would likely fail. Recently, Weng et al. 2 published a description of an all fiber optical velocimeter using many similar concepts. Weng also shows the flexibility of including multiphase detection of these signals to determine the direction as well as high temporal resolution of the velocity.
We have developed and improved several systems at Los Alamos based on the LLNL approach and have found that these systems are much less expensive and easier to field that other optical velocimetry (e.g. VISAR, Fabry-Perot) techniques. We present a survey of experimental results obtained with these systems and outline the variety of experimental conditions and optical probes used to obtain them.
DESCRIPTION OF OPTICAL VELOCIMETER SYSTEM
The authors of references 1 and 2 provide comprehensive descriptions of how these systems are constructed and how they work. For the purposes of this article, I would like to describe how a PDV works in a slightly different way.
One way of thinking about a PDV is as a very fast Michelson interferometer where the moving surface to be studied is the moveable leg, and the unshifted reference light is the other fixed leg of the interferometer. Figure 1 shows a simplified layout of a Michelson interferometer and a diagram of a simplified PDV system. The reference leg of the Michelson interferometer is produced by a reflection from the fixed mirror, while the moving mirror produces a changing path length for the other leg. These two phases recombine on the detector (green leg) to produce interference fringes that track the motion of the moving mirror where the displacement ( x) is proportional to the number of fringes (n) and the wavelength of the laser ( ) using the expression x = n /2. Instead of using a beam splitter like the Michelson interferometer, the PDV uses a component developed in the telecommunications industry called a fiber optic circulator. 3 The circulator performs as an optical directional coupler for the input light on fiber port 1. This light exits on port 2 and is transported to an optical probe of some sort (yellow). The incident light is reflected from the moving surface (blue) to reenter the same fiber and reenters port 2 where it is directed in the circulator out port 3. One method of introducing the proper amount of unshifted (reference) light is by specifying a back reflection at the probe (-20 to -30 dB, depending on the application). Thus the required reference light travels back in the same fiber as the Doppler shifted light (blue) to produce the mixed light (green) that beats at the detector.
One can track the distance moved by the surface illuminated by the PDV in a perfectly analogous manner to the Michelson interferometer by counting fringes (i.e. x = n /2). In our case, we are interested in the velocity (V) of the moving surface which is given by the expression V = F /2, where F is the fringe frequency (in Hz). In our PDV systems, we use a 1550 nm fiber laser and the conversion from frequency to velocity is such that V(km/s) = 0.775 · F(GHz). Thus, a velocity of 1 km/s corresponds to a recorded frequency of ~1.29 GHz.
A single 2 to 5W laser can be used with one or more fused fiber couplers (i.e. "splitters") to produce light for several PDV points. Depending on the experimental surface preparation, probe efficiency, etc, a single PDV channel may require an incident optical power of 10's of mW to 100's of mW. In either event, a several W laser can readily provide enough power for 4-8 points (or more). describe their instrument as a Displacement Interferometer System for Any Reflector (DISAR) which is a rather nice acronym. PDV truly has its origins in Laser Doppler Velocimetry from the 1960s. 4 We have chosen to adopt the acronym PDV since the implementation of Strand et al. 1 was originally presented with this name in the context of high velocity experiments.
LOS ALAMOS PDV SYSTEMS
We have made design choices analogous to those of Ref 1 on components for our PDV systems. 5 There are many high-performance components available in the telecommunications industry, so the reader can make different (perhaps better) choices depending on their requirements.
Because PDV systems are entirely enclosed in optical fiber, they do not require adjustable optics or other fragile components. Our systems are configured to be easily portable and are moved from experiment to experiment as needed. Figure 2 shows a 12 point installation using equipment mounted in portable wheeled cases. 6 In this case we used two 5 W IPG lasers and three 4-channel detector boxes, that each contain all the splitters, circulators, and power meters used in a PDV system. Typically, the digitizing oscilloscopes are Tektronix units (TDS 6804B). In this case we used two scope channels to provide dual voltage range coverage for each PDV detector channel. A typical portable installation of 12 PDV channels, using two 5 W fiber lasers, three 4-channel PDV optic/detector boxes, and digitizing oscilloscopes.
The upper limit of velocity measurement in our baseline configuration is nominally determined by the analog bandwidth of the TDS6804B oscilloscopes (8 GHz 6.2 km/s), rather than the detectors or the single mode fiber. With higher bandwidth recording, much higher apparent velocities are possible (see below). In principle, the absolute accuracy of PDV depends only on two well known quantities: (a) the accuracy
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of the time base of the recording oscilloscope (typically a few ppm); and (b) the wavelength of the laser (typically known to ±0.1 % or better). In practical experiments, there is an inevitable (though favorable) tradeoff between absolute accuracy and time resolution of the inferred velocity.
EXAMPLES OF EXPERIMENTAL RESULTS
One of our first experiments with PDV was to measure the free surface velocity of high explosive driven tin. Figure 3 shows the experimental geometry and the raw digitizer data. First motion of the tin occurs near 3.91 s and a number of features in the raw data appear between 5 and 6 s. Figure 3 . The colors correspond to the spectral power density (in dB) of the velocity signal in the frequency (i.e. velocity) domain. The start of motion neat 3.9 s is clearly visible, as is the impact of the tin free surface on the probe near 5.5 s. The ~2 mm probe standoff is reflected in the integral of the ~1.2 mm/ s velocity for the ~1.6 s of travel. The faint signals after ~4.5 s at velocities between 1.2 and ~1.8 km/s are the signature of shock generated ejecta from the tin. As these ejecta begin to strike the probe, their slower velocity signature (which has a large SNR as they bounce off the probe) between 5 and 5.5 s does not show the direction of motion since this PDV has no directional information. The fiber continues to respond for a few hundred ns after impact (~5.5 s) until the probe is destroyed.
This data set illustrates how it is possible to detect multiple velocities simultaneously with PDV and clearly distinguish (under favorable conditions) the intact metal free surface, faster moving ejecta, and other features in the data set. It is worth noting that the free surface velocity trace has generally a 30 dB (or more) SNR, corresponding to about 1000:1 contrast (in the frequency domain) -which is quite substantial. The data also Tin Coupon Detasheet Explosive shows that this contrast is modulated, sometimes quite strongly, to the extent that the free surface velocity trace almost vanishes entirely. But because the velocity information is encoded in the frequency in the time domain data, once the SNR improves the velocity can be recovered. This results in velocimetry that is very robust and insensitive to even large changes in the surface reflectivity.
The modulations, which are quite apparent in the raw data of Figure 3 (between ~3.9 and 5.5 µs) are likely caused by dynamic speckle in the reflected, Doppler shifted light. These modulations often appear from machined or diffuse surfaces, but are almost entirely absent when the surface is polished to a mirror-like finish. When modulation is observed from mirrored surfaces, the depth and frequency of the modulation are much reduced compared to rough surfaces. However, mirror finishes are more likely to cause large signal variations due to tilt but they do, of course, provide the highest directional reflectivity (and thus highest signal return). The shock generated tin ejecta (shown qualitatively in Figure 4 ) can be measured quantitatively using a proven technique, referred to as an Asay Foil. 8 An Asay Foil is a thin (usually ~20 mg/cm2 areal density) titanium foil suspended several mm above the shocked surface. When the ejecta particles begin to impact the foil, the foil begins to move as the ejecta transfer their momentum. A velocity probe (like a PDV or VISAR) records the motion of the foil as a function of time. When this motion (and foil mass) information is combined with the shock breakout time at the target surface, one can infer the mass and velocity distribution of the ejecta. Figure 5 shows an example of Asay Foil data (raw digitizer data) taken with a PDV system in an experiment at Sandia National Laboratory. We fielded simultaneous VISARs and PDVs in a series of probes and experiments that confirmed the agreement with the traditional VISAR method of acquiring Asay Foil data. Note the slow acceleration of the foil near 1.2 µs where the foil is just beginning to move. As ejecta accrete to the foil, it accelerates until the bulk material free surface picks up the foil, near 2.5 µs in Figure 5 (right). It is worth noting that we 9 observed that the PDV seems to be able to acquire useful Asay Foil data in some cases when the VISAR has trouble. This situation occurred at two times in the data shown in Figure 5 : (a) near 1.7-2 µs, when the PDV data indicate multiple frequency excitation of the foil (presumably from drumhead oscillations at higher modes); and (b) after 2.5 µs in this data set when the free surface of the shocked coupon has "picked up" the foil to its terminal velocity. Being able to track the Asay foil motion through this time is important to measuring ejecta down to low velocities relative to the free surface. The VISARs (not shown) seem to lose fringe contrast when multiple modes are excited in the foil so in this case PDV may offer some advantages. Flyer plate experiments on guns are powered by either gas or energetic powder, and an important element of any experiment is the precise velocity measurement of the impacting plate carried by the sabot. A rather novel application of PDV in such experiments is to use a small optical probe (either a 1 mm diameter collimated lens or a bare fiber probe) mounted through the edge of a target coupon so that it can view the motion of the projectile before it impacts the target assembly. Figure 6 shows two examples of such data taken with a 1 mm diameter collimated probe. Even though we performed no special preparation of the sabot to improve the signal return, the PDV was able to track the projectile for more than 180 µs before impact (near 0 µs) in left figure. The vertical axis is expanded to show the ~few m/s acceleration of the flyer before impact and illustrates how it is possible to measure the flyer velocity with an absolute accuracy of ± 0.1 to 0.2 m/s. Figure 6 (right) shows a flyer velocity from a two stage light gas gun experiment where upstream trigger pins induced significant oscillations in the sabot/flyer plate and a measurable deceleration is observed during the free flight of the projectile before impact on the target assembly. Such structures in the velocity should be carefully considered when estimating the absolute accuracy of a flyer plate velocity measurement. In many flyer plate experiments, a transparent window is sometimes used as a shock wave "anvil" to preserve the state of the material under study at elevated pressure. Typical window materials used over the years are lithium fluoride (LiF), quartz, and sapphire, among others. Because the index of refraction of the shocked window is different from the ambient property, one must correct the apparent velocity of the target/window interface for this effect. We recently published results 10 on window corrections for LiF [100], z-cut quartz, and c-cut sapphire at VISAR (532 nm) and PDV wavelengths (1550 nm) for several pressures. One last example of how PDV may be applied in new ways is shown in Figure 8 . In this experiment we used a bare fiber probe to view the free surface of a TNT explosive charge (nominal density of 1.64 g/cm 3 ). Shock breakout at the free surface of the TNT is visible
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Shock Wave in Air TNT Detonation Wave near 16.477 µs, followed by the PDV measurement of the air shock (~7.4 km/s in Albuquerque -~5000 ft above sea level). 11 What is interesting is that we appear to be seeing a velocity feature before the shock reaches the free surface of the explosive. The apparent velocity of this feature is 10.5 ± 0.4 km/s (~13.5 GHz beat frequency). 12 We observed this feature in several identical shots and it appears to be quite reproducible. We interpret this feature as the velocity of the detonation wave (6.95 km/s at this TNT density) modified by the index of refraction of the TNT (estimated to be ~1.5). If this is the detonation wave, then it appears that the PDV is able to "see" 40-50 µm into the material (assuming a 6-7 ns record at 6.95 km/s). Since most high explosives are not entirely opaque at visible and near IR wavelengths, this offers a possibility of measuring properties of explosives inside the bulk material, rather than being limited to surface measurements.
CONCLUSION
PDV is a new implementation of a familiar velocimetry diagnostic and is being developed at several laboratories worldwide. It has the potential to produce data that will give us new insight into several areas of applied and fundamental physics. Because of a favorable combination of low cost, ease of fielding and high performance, we expect that there will be many new applications of this diagnostic in the years to come.
